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Almost all animals contain mitochondria of maternal
origin only, but the exact mechanisms underlying
this phenomenon are still vague. We investigated
the fate of Drosophila paternal mitochondria after
fertilization. We demonstrate that the sperm mito-
chondrial derivative (MD) is rapidly eliminated in a
stereotypical process dubbed paternal mitochon-
drial destruction (PMD). PMD is initiated by a network
of vesicles resembling multivesicular bodies and dis-
playing common features of the endocytic and auto-
phagic pathways. These vesicles associate with the
sperm tail and mediate the disintegration of its
plasma membrane. Subsequently, the MD separates
from the axoneme and breaks into smaller frag-
ments, which are then sequestered by autophago-
somes for degradation in lysosomes. We further
provide evidence for the involvement of the ubiquitin
pathway and the autophagy receptor p62 in this pro-
cess. Finally, we show that the ubiquitin ligase Parkin
is not involved in PMD, implying a divergence from
the autophagic pathway of damaged mitochondria.
INTRODUCTION
Almost all eukaryotic organisms inherit their mitochondria,
the primary cellular power plants, from the maternal parent.
Although this renowned phenomenon has been widely accepted
among geneticists and developmental biologists, the striking
variation among different organisms in the extent and pattern
of uniparental inheritance has led to a diverse number of pro-
posed mechanistic models for this phenomenon and thus has
been the cause of much uncertainty (Ankel-Simons and Cum-
mins, 1996; Birky, 2001). Until recently, the prevailing mecha-
nistic explanation for maternal mitochondrial inheritance has
been a passive model of simple dilution of the paternal mito-
chondria by an excess copy number of the egg mitochondria
(Gyllensten et al., 1991; Birky, 2001). This explanation is mainly
based on a study that used uniquemitochondrial (mt)DNA nucle-Deveotide identifiers to demonstrate that paternally inherited mtDNA
molecules can be detected at low frequency in hybrid mice, sug-
gesting that paternal contribution exists but that it may often be
overshadowed in mature mice to a point beyond the limits of
detection by conventional PCR analyses (Gyllensten et al.,
1991). On the other hand, recent studies in Caenorhabditis ele-
gans have reported the active involvement of autophagy in this
process. As opposed to organisms with flagellated sperm, in
which the mitochondria undergo unique structural remodeling
to become part of the flagellum, C. elegans produces nonflagel-
lated amoeboid sperm with mitochondria of much simpler
morphology (Al Rawi et al., 2011; Sato and Sato, 2011). Further-
more, despite recent findings that the autophagy receptor p62
and the ubiquitin-like modifier of autophagy LC3 colocalize to
the sperm tail after fertilization in mice (Al Rawi et al., 2011), a
more recent report has suggested that sperm mitochondria are
not degraded by autophagy in mice but rather that maternal in-
heritancemay be a passive outcome as a result of the elimination
of sperm mtDNA before fertilization and the uneven distribution
of the paternal mitochondria in the early embryo (Luo et al.,
2013). However, the reason and functional consequence of
p62 and LC3 localization in the sperm tail soon after fertilization
were left unexplained (Luo et al., 2013). Therefore, it remains to
be determined whether and what types of active mechanisms
may be involved in the elimination of paternal mitochondria in
other organisms with flagellated sperm.
The ability of cells to monitor the quality of mitochondria and
control their turnover is increasingly recognized as an essential
element in maintaining mitochondrial homeostasis (de Castro
et al., 2010; Weber and Reichert, 2010). Mitochondrial quality
control depends upon a balance between biogenesis, dynamics
(fusion and fission), and selective turnover (Twig et al., 2008;
Ashrafi and Schwarz, 2013). However, despite its important
role in quality control, the molecular mechanisms underlying
selective mitochondrial destruction are still not well understood
(Wang and Klionsky, 2011). Accumulating data suggest the
involvement of the ubiquitin pathway in the selective recognition
and autophagy-mediated destruction of cytosolic microbes,
protein aggregates, and damaged organelles (Narendra et al.,
2008; Kirkin et al., 2009b; Knaevelsrud and Simonsen, 2010;
Randow, 2011). However, the function of the autophagic
machinery and the ubiquitin pathway in normal mitochondrial
turnover (a process also dubbed mitophagy) and their roleslopmental Cell 29, 305–320, May 12, 2014 ª2014 Elsevier Inc. 305
Figure 1. Visualization of the Paternal MD by Electron and Confocal Microscopy
(A) Schematic representation of Drosophila sperm during three consecutive maturation stages.
(B, C, and F–H) Electron micrographs of cross-sections through (B and C) developing Drosophila sperm cells and (F–H) the anterior regions of fertilized eggs at
10–20 min AEL.
(B and C) Micrographs corresponding to stages II and III in (A), respectively.
(F) Part of the sperm flagellum (Fm) is shown among several maternal mitochondria (mM). Note the presence of the axoneme (AXO) and the MD.
(G and H) Higher magnifications of cross- and transverse sections through the sperm flagellum, respectively.
(B, C, G, and H) The colors indicated were manually added using Adobe Photoshop to correspond to the colored organelles in (A).
(C and G) The asterisks indicate the remnants of the minor MD.
(D, E, and I–N) Confocal images of mature sperm cells from (D and E) seminal vesicles and (I–N) inside fertilized eggs at 15–30 min AEL.
(legend continued on next page)
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Whereas in some examples, mammalian sperm mitochondria
were shown to be ubiquitinated after fertilization (Sutovsky
et al., 1999, 2000; Al Rawi et al., 2011; Luo et al., 2013), other
studies in C. elegans and mice have suggested that paternal
mitochondria are either not ubiquitinated (Sato and Sato, 2011)
or that ubiquitination was not restricted to sperm mitochondria
only (Luo et al., 2013), respectively. The establishment of a
genetically amiable system to monitor and study selective mito-
chondrial destruction under physiological conditions should
therefore help to fill in the large gaps in our understanding of
this important process.
Autophagy is a highly regulated membrane-mediated intracel-
lular degradation process, ubiquitous in eukaryotic cells. During
autophagy, double-membrane vesicles, called autophago-
somes, engulf cytoplasmic materials, including proteins and
organelles, and deliver them to the lysosome for degradation
(Nakatogawa et al., 2009; He and Klionsky, 2009; Rubinsztein
et al., 2012). The recycled products are subjected to cellular
metabolism for production of energy and to build new proteins
and membranes (Rabinowitz and White, 2010). In addition to
its fundamental role in metabolic adaptation during cell homeo-
stasis, autophagy also functions in cell growth, survival, and cell
death and as an intracellular quality control system (Neufeld and
Baehrecke, 2008). More recent studies have highlighted the
importance of selective autophagy in mediating the turnover of
specific unwanted cargo, including damaged organelles (Miz-
ushima and Komatsu, 2011; Weidberg et al., 2011; Sumpter
and Levine, 2011). However, whereas selective clearance of
organelles resembles an autophagy-related process at the
anatomical level, genetic, molecular, and cellular studies have
indicated some divergence from the core autophagic machinery
(Xie and Klionsky, 2007; Farre´ et al., 2009; Zhang et al., 2009;
Manjithaya et al., 2010).
Here we uncover a nonclassical, autophagic, and endocytic
common pathway involved in the active elimination of the
paternal mitochondria in Drosophila (a process also termed
paternal mitochondrial destruction; PMD). Our findings suggest
that a similar pathwaymay also mediate PMD in other organisms
with flagellated sperm, including humans.
RESULTS
Ultrastructural Analysis of the Paternal Mitochondrial
Destruction Process in Drosophila
In the fruit fly Drosophila melanogaster, mitochondrial remodel-
ing initiates immediately after meiosis in the haploid round sper-
matid with the fusion of all the mitochondria into a giant sphere
called the Nebenkern. The Nebenkern is then resolved into two
mitochondrial derivatives (MDs), which unfold and elongate
alongside and in close association with the growing axoneme
to the length of the sperm flagellum (nearly 2mm long; Figure 1A,
I and II; Figure 1B). During advanced spermatid elongation(D and E) Insets are enlargements of the boxed areas.
(D, E, and I–N) The MD, marked by the DJ-GFP transgene (green), colocalizes wit
L–N) (AXO; red; labeled with the AXO 49 antibody). Anterior is to the left.
(D, E, K, and N) Note the distinction between the MD and the axoneme (E and N
Scale bars represent 200 nm (B, C, and F–H), 10 mm (D, E, and I–K), and 5 mm (L
Devestages, one MD (‘‘minor’’) constantly loses volume and shrivels,
whereas the other MD (‘‘major’’) accumulates dark amorphic
material of an unknown nature termed paracrystalline material
(Figure 1A, III; Figure 1C) (Lindsley and Tokuyasu, 1980; Fuller,
1993).
Upon fertilization, a single sperm cell completely penetrates
the egg through a specialized structure, the micropyle, a single
hole in the chorion located at the anterior end of the egg (Karr,
1991). To uncover the fate of the paternal MD after fertilization,
we first used transmission electron microscopy (EM) of ultrathin
sections prepared from the anterior part of early fertilized eggs.
At 15–30 min after egg laying (AEL), the intact sperm flagellum
could be readily distinguished from the egg’s organelles by virtue
of its unique organellar contents (i.e., the axoneme and the
attached MD; Figures 1F–1H). The still largely intact flagellum
is approached by globular clusters of microvesicles (also
referred to as multivesicular clusters; MVCs; Figures 2A and
A0), which then associate with the sperm plasmamembrane (Fig-
ures 2A0–2B0; also note the microvesicles, which are attached to
the plasma membrane). The MVCs are also abundant in unfertil-
ized eggs, suggesting that the developing egg may already be
prepared for sperm penetration (Figures S2A and S2A0 available
online). In addition to the MVCs, other large vesicular organelles
reminiscent of either multivesicular bodies (MVBs) or multilamel-
lar bodies (MLBs), and which are completely wrapped around
some regions of the flagellum, were also detected (Figures 2C
and 2C0, respectively). For convenience, we will hereafter refer
to the MVCs, MVBs, and MLBs as MVB-like vesicles. At a later
stage, the mitochondrial derivative separates from the axoneme
(Figures 2D and 2D0), a process also readily visualized by fluores-
cence microscopy (Figures 1L–1N; Figure S1). Subsequently,
still within the preblastoderm (mitotic cycles 1–9), the MD breaks
into oval fragments (MFs) with diameters between 0.1 and
0.4 mm, which are then enveloped by autophagosome-like dou-
ble membranes (Figures 2E and 2E0). The MFs are eventually
sequestered to lysosomes, where they are completely degraded
and assimilated into the egg cytoplasm (Figures 2F and 2F0; see
also Figures S2C–S2E for autolysosomes that are in the process
of digesting the MFs), and they are no longer detectable by the
cellular blastoderm stage (130–180 min AEL). We conclude
that immediately after fertilization, the paternal MD is degraded
by a network of vesicles originating in the egg and reminiscent
of elements of the endocytic (MVB-like vesicles) and autophagic
pathways. Because this is a stereotypical active process,
we hereafter refer to this process as paternal mitochondrial
destruction.
The Kinetics of PMD
In order to investigate the mechanisms underlying PMD, we
first established a fluorescence-based imaging system to
monitor the sperm MD within early fertilized eggs. We generated
transgenic flies carrying mitochondrial targeted red (MTS-
DsRed) and yellow (MTS-Venus) fluorescent proteins under theh the MTS-DsRed transgene (D and I–K) (red) but not with the axoneme (E and
), whereas the two MD markers completely overlap (D and K).
–N). See also Figure S1.
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Figure 2. Ultrastructural Characterization of the PMD Process
Electron micrographs of cross-sections through fertilized eggs at 10–60 min AEL.
(A and A0) Soon after fertilization, multivesicular clusters approach and associate with the flagellum (detected in six sections of three embryos). Note that the
sperm plasma membrane is readily visualized (light green arrow). mv, microvesicles.
(B and B0) The microvesicles specifically attach to the spermmembrane, but not to the maternal mitochondria (detected in 14 different sections of four embryos).
(C and C0) Multivesicular bodies (C) and multilamellar bodies (C0), which completely enwrap some flagellar regions, are also detected (detected in two different
sections of one embryo). Note that theMD and the axoneme are still enveloped by the sperm plasmamembrane, as indicated by the double membrane of theMD
and the surrounding plasma membrane within the MVB (light green arrow), and that the highly ordered 9 + 2 microtubule structure of the axoneme is disrupted
(11 white dots).
(legend continued on next page)
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Paternal Mitochondrial Destruction in Drosophilaregulatory regions of the sperm-specific gene don juan (dj). The
red and yellow (but not green) fluorescent transgenes were pref-
erentially selected because of the large amount of masking
green autofluorescence coming from the egg yolk. By crossing
these flies to transgenic flies expressing the sperm-specific
mitochondrial protein marker DJ-GFP (Santel et al., 1998), we
validated that these transgenes specifically label the sperm
MD (Figures 1D and 1I–1K). Furthermore, staining the DJ-GFP-
expressing sperm with the anti-polyglycylated tubulin antibody
(AXO 49), which specifically detects the mature axoneme (Bre´
et al., 1998; Arama et al., 2007), revealed a clear distinction
between these two organelles despite their close alignment
throughout the sperm flagellum (Figures 1E and 1L–1N). Trans-
genic male flies carrying MTS-DsRed, MTS-Venus, and DJ-
GFP were fertile and gave rise to normal progeny (Figures S3C
and S3E and data not shown), and can thus serve for further
analyses of the PMD process.
To determine the kinetics of the PMD process, we monitored
the elimination rate of the sperm MD by live imaging of eggs
fertilized by the MTS-DsRed sperm. Beginning at 10 min AEL,
time-lapse sequences of z projection imageswith a 4min interval
were captured for about 2 hr. These analyses revealed that the
MD almost completely disappears at 80–90 min AEL (i.e., at
the onset of the syncytial blastoderm stage; see Movie S1 and
selected still images from this movie at the top of Figure 5A
and the quantification of the fluorescence intensities in Fig-
ure 5B). It is noteworthy that the disappearance of the fluores-
cent signal does not occur in a uniform fashion throughout the
sperm flagellum, as some regions fade away before others, sug-
gesting that PMD is initiated at different points along the MD.
This is also consistent with our observation that the detachment
of the MD from the axoneme is also initiated at different points
along the flagellum (Figure S1).
Autophagy-Related Vesicles Associate with the Sperm
MD Soon after Fertilization
To further characterize the molecular nature of theMVB-like ves-
icles and the autophagosome-like vesicles, we used fluorescent
protein markers. Males expressing the MTS-Venus sperm were
first crossed to females maternally expressing a genetic reporter
of autophagy, eGFP-mCherry-Atg8a. This double-labeled re-
porter can reveal autophagosomes and autolysosomes by virtue
of the Atg8 ability to localize to phagophore-assembly sites and
thus fluorescently label autophagosomes in green and red (i.e.,
yellow) and autolysosomes in red only because of the quenching
of the eGFP signal in the acidic environment (Nezis et al., 2010).
Significantly, as opposed to classical autophagosomes, which
are usually smaller than 0.5–0.7 mm in diameter, this reporter
labeled much larger vesicles in the range of 0.5–1.8 mm in diam-
eter, which were specifically associated with the MD (an embryo
at 40–60 min AEL is shown in Figure 3A). These vesicles were all
detected in both the green and red fluorescent channels, sug-(D and D0) The MD is separating from the axoneme (detected in two different sec
(E and E0) Autophagy-like double membranes, reminiscent of preautophagosom
and envelope MD fragments, which can be readily recognized by their dark para
(F and F0 ) The MFs are sequestered to large lysosomes, where they are disintegrat
of three embryos).
The scale bars represent 500 nm (A–B, F, and F0 ) and 200 nm (B0, and C–E0). Se
Devegesting that they were not fused with lysosomes. In addition,
the MD was still detected even when the embryo reached the
cellular blastoderm stage (2 hr AEL; data not shown), suggesting
that this reporter may abrogate the function of the vesicles and
thus attenuate the PMD process.
We considered the possibility that the double-labeled Atg8 re-
porter may be somewhat harmful to the function of the vesicles,
and hence we instead used a single-labeled reporter, mCherry-
Atg8a. Indeed, although the single-labeled reporter still caused a
mild attenuation in the PMD process (data not shown), we could
clearly and reproducibly follow the dynamics of the Atg8-positive
vesicles, concomitant with the destruction of the MD (Figures
3B–3E). At 15–20 min AEL, only small scattered mCherry-Atg8-
positive vesicles were detected in the anterior region of the
egg, without any specific association with the MD (Figure 3B).
Similar distribution of Atg8-positive vesicles was also detected
in unfertilized eggs (Figure S2B). However, at about 30 min
AEL onward, mCherry-Atg8 started accumulating in the vicinity
of and became associated with the MD, which in turn dis-
played gradually increasing fragmented morphology (Figures
3C–3E). Interestingly, these vesicles gradually increased in
size, becoming unusually large, reminiscent of the size range
of the vesicles detected with the double-labeled reporter as
well as the sizes of the MVB-like vesicles detected by the EM
(Figures 3D and 3E). Furthermore, similar to the MVBs and
MLBs, which entirely encapsulated some flagellar regions/
pieces, large mCherry-Atg8-positive vesicles encapsulating
fragments of the MD and which were already detached from
the main MD piece were also detected (Figure 3E). Taken
together, these observations suggest an unconventional role of
the autophagy pathway during PMD.
PMD Is Mediated by a Network of Vesicles Displaying
Markers Common to the Autophagic and Endocytic
Pathways
Existing evidence suggests that under certain conditions, the en-
docytic and autophagic pathways may converge, giving rise to
hybrid vesicular organelles termed amphisomes (Berg et al.,
1998; Filimonenko et al., 2007; Fader et al., 2008; Lamb et al.,
2013). Amphisomes are believed to constitute prelysosomal in-
termediate vesicles involved in autophagosomal maturation.
The facts that Atg8 was localized to unusually large vesicles dur-
ing PMD and that MVBs and MLBs, but not autophagosomes,
are the only vesicles of a similar size range associated with the
sperm during this process (the EM data), raised the hypothesis
that the Atg8-positive vesicles may also constitute hybrid organ-
elles of the endocytic and autophagic pathways. To test this
idea, we used available markers of the endosomal pathway.
First, we stained early fertilized eggs with the anti-Hrs antibody,
which detects the endosome-associated, ubiquitin-binding pro-
tein Hrs/Vps27, a member of the endosomal sorting complexes
required for transport 0 (ESCRT-0) (Lloyd et al., 2002). Whereastions of one embryo).
al structures (PASs), phagophores, and autophagosomes, are formed around
crystalline content (detected in three different sections of two embryos).
ed (F) and assimilated into the ooplasm (F0 ) (detected in eight different sections
e also Figure S2.
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Figure 3. Unconventionally Large Atg8-Posi-
tive Vesicles Specifically Associate with the
Sperm Soon after Fertilization
(A–E) Live confocal imaging of early fertilized eggs.
Anterior is to the left. The insets are enlargements of
the respective regions in the small white squares.
The female and male symbols indicate the origins of
transgenes’ expression, egg or sperm, respectively.
The scale bar represents 20 mm.
(A) An egg at 40–60 min AEL fertilized by MTS-
Venus transgenic sperm (yellow; MD) and mater-
nally expressing the double-labeled autophagy
reporter eGFP-mCherry-Atg8 (yellow vesicles;
arrows in the inset point at a region of the MD
and attached selected vesicles with the indicated
diameters).
(B–E) An egg fertilized by DJ-GFP transgenic sperm
(green; MD) and maternally expressing the single-
labeled autophagy reporter mCherry-Atg8 (red). The
time points AEL are indicated to the left of each
panel. AF, after fertilization.
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the vicinity of the sperm flagellum (data not shown), vesicles
that were already wrapped around flagellar material displayed
a stronger signal, suggesting that the MVBsmay be highly active
during and/or after the encapsulation process (white arrow in the
inset of Figure 4B). To further test this possibility, we used an
antibody that specifically recognizes the nonclassical K63-linked
ubiquitin side chains (Newton et al., 2008; see also the legend for
Figure 6). Large ubiquitin-positive vesicles (1.4–3.5 mm) were de-
tected in the vicinity of the flagellum, some of which completely310 Developmental Cell 29, 305–320, May 12, 2014 ª2014 Elsevier Inc.enwrapped flagellar material (arrows in
Figure 4C, inset). Interestingly, ubiquitin-
positive vesicles that were still wrapped
around some regions of the main flagellar
piece could also be detected, suggesting
that the encapsulation process may pro-
mote subsequent clipping of these flagellar
regions (upper arrow in the inset of Fig-
ure 4C). Taken together, these results are
consistent with the idea that at least
some of the large vesicles associated
with the sperm flagellum are related to
the endocytic (MVB) pathway.
Rab GTPases function asmaster regula-
tors of endocytic trafficking, and thus
can serve as protein markers for specific
steps in the endocytic pathway (Figure 4A)
(Pfeffer, 2013). To directly test whether the
Atg8-positive vesicles may also contain
features of the endocytic pathway, we
examined early fertilized eggs expressing
the mCherry-Atg8 reporter and either
Rab5, -7, or -11 fused to yellow fluorescent
protein (YFP). Indeed, YFP-Rab7, a protein
marker for mature endosomes/MVBs,
colocalized with the large Atg8-positive
vesicles associated with the sperm flagel-
lum (Figures 4D and 4E). In contrast, therespective markers for early and recycling endosomes, YFP-
Rab5 and YFP-Rab11, marked unrelated vesicles in the egg
(data not shown). Therefore, the large vesicles associated with
the sperm flagellum display features common to the endocytic
and autophagic pathways.
Inactivating Mutations in the Autophagic and Endocytic
Pathways Attenuate PMD
To examine the functional involvement/requirement of the auto-
phagic and endocytic pathways in PMD, we next inactivated key
Figure 4. Vesicular Elements of the Endocytic and Autophagic Pathways Overlap during PMD
(A) A simplified diagram depicting the endocytic pathway and the relative vesicular locations of the proteins examined in this study.
(B and C) Early fertilized eggs stained to visualize the axoneme (green) and (B) the Hrs protein (red) or (C) ubiquitinated proteins with K63-polyUb (red). Anterior is
to the left. The diameters of selected vesicles are indicated by arrows in the insets. The scale bar represents 20 mm.
(D and E) Live confocal images of early fertilized eggs maternally expressing the autophagy reporter, mCherry-Atg8 (red), and the late endosome marker, YFP-
Rab7 (green).
All insets are enlargements of the respective regions in the small white squares.
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effects on the kinetics of PMD using a live imaging assay. To
compromise the autophagic pathway, we first analyzed eggs
from females carrying two atg7 null alleles in trans to one another
(atg7d14/d77; see also complex 3a in Figure S3A). These mutant
flies complete metamorphosis and survive to adulthood, despite
showing some severe defects in autophagy (Juha´sz et al., 2007;
McPhee and Baehrecke, 2009). Furthermore, atg7 maternal
mutant embryos develop with normal kinetics at least until the
end of the cellularization stage and beginning of gastrulation, a
stage when the MD is already completely eliminated in wild-
type counterparts (Figures S3B–S3E). Critically, atg7 mutant
eggs displayed a significant delay in the clearance of the MD,
showing about 60% reduction in the fluorescence intensity of
the MD at 45 min AEL as compared with 85% reduction in
the wild-type counterparts (compare upper panels with
lower panels in Figure 5A and the quantifications in Figure 5B).
This finding that there is a significant but still partial effect is
consistent with the idea that autophagy does not play an
orthodox role during the initial stages of PMD. On the other
hand, the final stages of PMD, namely the clearance of the
MD fragments by classical autophagosomes, also appeared
not to be completely blocked in this mutant. The latter, how-
ever, is mainly attributed to a technical limitation of our system
in quantifying the fluorescence of the small MD fragments, as
they are dispersed with time throughout the egg until they
become too dispersed to be distinguished from the back-
ground autofluorescence.
Another possibility for the observed incomplete blockage of
the clearance of the MD fragments in the atg7 mutant eggs
may be the evolvement of an Atg7-independent mechanism of
autophagy (Zhang et al., 2009; Chang et al., 2013). To test this
idea, we thus explored the involvement of other key compo-
nents in the autophagic pathway using available transgenic
RNAi lines, which were designed to induce efficient knockdown
in the oocyte (the Drosophila Transgenic RNAi Project [TRiP]
collection of shRNAs at Harvard Medical School). Indeed, RT-
PCR analysis of total RNA extracted from eggs maternally
expressing RNAi against atg7 (a positive control reference), as
well as atg6 and uvrag, which promote autophagosome nucle-
ation and maturation, respectively (complex 2 in Figure S3A;
note that both components are also involved in the endocytic
pathway), revealed highly efficient knockdown of all these
genes (atg7shR, atg6shR, and uvragshR; Figure S3G). Significantly,
knockdown of all three genes attenuated the clearance of the
MD with similar kinetics as those detected in the atg7 mutant
eggs (Figure 5B). Therefore, the attenuation effect detected in
the atg7 mutants may indeed reflect the maximal level of
involvement of the autophagic pathway in PMD, thus making it
less likely that Atg7-independent mechanisms of autophagy
are involved in this process. Furthermore, maternal expression
of a dominant-negative form of Rab7 (Rab7-DN), as well as
maternal knockdown of stam/hse1 (using stamshR; Figure S3G),
which encodes for the Hrs/Vps27 partner in the ESCRT-0 com-
plex (Williams and Urbe´, 2007), also attenuated PMD with
almost identical kinetics, which was not further enhanced in
the Rab7-DN and atg7shR or the Rab7-DN and stamshR double
mutants (Figure 5B). Therefore, our assay mainly measures the
effects on the initial stages of PMD (rather than the final312 Developmental Cell 29, 305–320, May 12, 2014 ª2014 Elsevier Inclearance of the MD fragments), during which the endocytic
and autophagic pathways converge in a common nonorthodox
pathway. In support of this idea, maternal knockdown of atg7
and uvrag in early fertilized eggs dramatically affected the
biogenesis of more than 50% of the MVCs, displaying MVCs
that are largely devoid of microvesicles (Figures 5C–5E). Finally,
monitoring PMD in eggs from mutant females for atg13
(atg13D81GLC), as well as maternal knockdown of atg1 and
fip200 (atg1shR and fip200shR; Figure S3G), all autophagy
pathway components in the initiation complex (complex 1 in
Figure S3A), revealed no (atg13D81GLC) or mild (atg1shR
and fip200shR) effects on the clearance of the MD (Fig-
ure S3F), suggesting that the initiation signal of the autopha-
gic/endocytic pathway in PMD is distinct from that of classical
autophagy. Interestingly, another noncanonical autophagy
form, called LC3-associated phagocytosis (LAP), also proceeds
in the absence of the initiation complex, suggesting some
possible similarities between PMD and LAP (Sanjuan et al.,
2007; Florey et al., 2011). Finally, the fact that a mild attenuation
was detected in the atg1shR and fip200shR eggs may suggest
that the initiation complex may still be involved in the subse-
quent step of the clearance of the MFs by classical autophagy
and that at 70 min AEL the MFs are too dispersed to be
detected.
The Paternal MD Is Ubiquitinated through Lysine 63-
LinkedPolyubiquitin SideChains Soon after Fertilization
Recent studies suggest that the ubiquitin system may be
involved in the target specificity of cargo cleared by selective
autophagy (Kirkin et al., 2009b). In these paradigms, the targets
are surface ubiquitinated through nonclassical ubiquitin side
chains, such as lysine 63-linked polyubiquitin (K63-polyUb)
chains, which may preferentially bind to autophagy receptors,
thus linking the ubiquitin pathway with the autophagy pathway.
To explore the possibility that the paternal MD may also be
ubiquitinated, fertilized eggs were stained with a linkage-
specific antibody that recognizes polyubiquitin chains joined
through K63 of ubiquitin (Newton et al., 2008) and with AXO
49 antiserum, which detects the axoneme. Interestingly, already
at 10–20 min AEL, one of the two elongated sperm tail organ-
elles was entirely decorated by K63-polyUb (Figure 6A; Fig-
ure S4A). Although for technical reasons we could not detect
both the K63-polyUb staining and the fluorescent MD sperm
at the same time (due to the insufficient fluorescence of the
MD sperm after fixation), the ubiquitinated organelle clearly
corresponds to the MD, as evident in flagellar regions where
the ubiquitinated organelle (i.e., the MD) starts separating
from the axoneme (Figure 6A, inset; see also Figures S2, S4B,
and S4C).
These findings raised the question of whether the ubiqui-
tination occurs before or after egg penetration. Although
staining of the testis revealed a strong K63-polyUb signal
in elongating spermatids, this signal completely disappeared
during a later stage when the spermatids removed their bulk
cytoplasmic contents (i.e., the ‘‘individualization’’ stage; Fig-
ure S4D). Consistently, no staining was detected in mature
sperm from the male storage organ (i.e., the seminal vesicle)
and the female storage organs (i.e., seminal receptacle and
the paired spermathecae) (Figures S4E and S4F). We thereforec.
Figure 5. The Clearance Kinetics of the MD Is Attenuated upon Inactivation of Components in the Autophagic and Endocytic Pathways
(A) Selected frames from two 2 hr movies of paternal mitochondrial elimination after fertilization in eggs from a wild-type female (top) and an atg7mutant female
(bottom) fertilized by males with mito-DsRed sperm. The windows of time AEL are indicated at the top of the panels. Anterior is to the left.
(B) Quantification of fluorescence intensity in 4 min intervals in live fertilized eggs mutant for the indicated genes/proteins. Error bars represent standard errors.
The number (N) of examined embryos from each genotype is indicated in parentheses. p values of the differences in the fluorescence intensities between the
mutants and the wild-type were calculated for each time point (TP) as follows: p % 0.005 for atg7d14/d77 and stamshR (second TP onward), atg7shR, atg6shR,
uvragshR, and Rab7-DN (fourth TP onward). For the other TPs, p < 0.05.
(C–E) Electron micrographs of cross-sections through fertilized eggs at 10–40 min AEL showing (C) a wild-type MVC and (D and E) biogenesis-deformed MVCs
(dMVCs) in atg7 mutant and uvrag knockdown eggs, respectively. The scale bars represent 200 nm (C) and 500 nm (D and E).
See also Figure S3 and Movie S1.
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Figure 6. The MD Is Associated with Lysine 63-Linked Polyubiquitin Chains and p62 Soon after Fertilization
(A and B) Fertilized wild-type eggs at 10–30 min AEL were double stained to visualize K63-polyUb (red) and (A) the axoneme (green) or (B) p62 (green). Anterior
is to the left. Insets are enlargements of the boxed areas. Arrows point at (A) a region where the MD was separated from the axoneme and (B) an MD
fragment soon after its detachment from the main MD, whereas arrowheads point at MD fragments distant from the main MD. The scale bars
represent 50 mm.
(legend continued on next page)
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penetration.
The Ub-Binding Autophagy Receptor p62 Is Recruited to
the Paternal MD
Autophagy receptor/adaptor proteins, such as p62/SQSTM1
and its structurally related protein, NBR1, can interact with
both polyubiquitin-tagged proteins and Atg8/LC3 (Pankiv et al.,
2007; Kirkin et al., 2009a). In Drosophila, the single p62 ortholog,
called refractory to Sigma P (ref(2)P; CG10360) (Nezis et al.,
2008), was recently shown to mediate the clearance by auto-
phagy of mitochondria with enhanced levels of misfolded
proteins (de Castro et al., 2012). To examine whether p62 may
be recruited to the paternal MD, early fertilized eggs (10–
30 min AEL) were double labeled with anti-Ub-K63 and anti-
Drosophila p62 antibodies. Importantly, p62 was specifically
associated with the ubiquitinated MD, as well as with some of
the MD fragments that were detached from the main derivative,
suggesting a direct binding between the ubiquitinated targets on
the surface of the MD and p62 (Figure 6B).
The Ubiquitin/p62 Pathway Is Involved in PMD
Next, we wanted to examine the consequence of this ubiquiti-
nation on the PMD process. For this, we maternally expressed
the yeast deubiquitinating protease (DUB) UBP2, which has
been previously shown to antagonize some ubiquitination path-
ways in Drosophila neurons (DiAntonio et al., 2001). Interest-
ingly, DUB-expressing eggs display a moderate yet significant
delay in the clearance of the MD compared to wild-type eggs,
suggesting that ubiquitination may indeed be involved in the
clearance of the MD (Figure 6C). Furthermore, monitoring
PMD in eggs from p62 mutant mothers (Nezis et al., 2008)
also revealed only a moderate delay in the clearance of the
MD (Figure 6C), as compared with the autophagy and endocytic
mutants (compare with Figure 5B). Although we used a viable
transheterozygous combination of two mutant p62 alleles,
ref(2)Pod2 and ref(2)Pod3, they were shown to be strong alleles
of this gene, producing stable truncated p62 proteins (Nezis
et al., 2008). Therefore, the relatively weak effect may be attrib-
uted to the fact that other adaptor proteins have been recently
identified that may also be involved in this process (Schweers
et al., 2007; Kirkin et al., 2009a; Narendra et al., 2010a; Wild
et al., 2011). In addition, other types of ubiquitination of MD
surface proteins (i.e., through other lysines) may also occur,
and may be less efficiently antagonized by UBP2. Collectively,
these findings indicate that the ubiquitin/p62 pathway is
involved in the selective clearance of the paternal MD after fertil-
ization, and that additional components in this pathway should
also be important for this process.
Parkin Does Not Play aMain Role in the Clearance of the
Paternal MD after Fertilization
Genetic studies in Drosophila have placed the two fly orthologs
of the Parkinson’s disease-associated genes pink1 and parkin(C) Quantification of fluorescence intensity in live fertilized eggsmutant for p62 or e
number of examined embryos from each genotype is indicated in parentheses. All
second to fifth TP, p < 0.05; sixth TP onward, p < 0.005; UBP2: fourth TP, p = 0.
See also Figures S4 and S5.
Devein a similar pathway: dispensable for the fly’s viability but
required for normal mitochondrial remodeling during flight mus-
cle and spermatid differentiation (Greene et al., 2003; Clark et al.,
2006; Park et al., 2006). In addition, more recent studies in
mammalian cells have uncovered a role of the Pink1/Parkin
pathway in the turnover of damaged mitochondria (Narendra
et al., 2008, 2010b). According to this model, Pink1 is stabilized
on the surface of damaged mitochondria, which promotes the
recruitment of Parkin to the site and the subsequent clearance
of these organelles by autophagy. Finally, it has been reported
that Parkin mainly induces K63-linked chain ubiquitination (Lim
et al., 2005; Olzmann et al., 2007; Geisler et al., 2010). Therefore,
we wanted to test the hypothesis that Parkin may be involved in
the process of PMD (e.g., through ubiquitination of the paternal
MD). Because the source of Parkin can be either maternal or
paternal, parkinmutant females (using a null allelic combination;
Greene et al., 2003; park25/Df; see also lane 3 in Figure S5B) were
first crossed with males producing MTS-DsRed sperm, and the
clearance of the MD was monitored using a live imaging assay.
However, no significant effect on the clearance of the paternal
MD was detected in these mutant eggs (Figure S5C), suggesting
that if Parkin is involved in this process, it may originate in the
sperm.
We next set up to test for a possible effect on the kinetics of
PMD when Parkin is inactivated in males. As opposed to fertile
females, parkin mutant males are completely sterile, displaying
severe spermatid differentiation defects, which hinder the accu-
mulation of mature sperm in the seminal vesicle (this study and
Greene et al., 2003). To overcome this technical obstacle, we
devised a complex genetic scheme to allow inducible inactiva-
tion of Parkin at a late spermatid developmental stage, thus still
enabling normal spermatid differentiation and sperm production
(Figure S5A). For this, we modified a genomic clone containing
the parkin gene, such that the engineered gene contains TEV
protease cleavage sites within its open reading frame, and
generated transgenic flies carrying this construct. The ability
of this modified transgene (t-parkin) to restore functional sperm
production and fertility in parkin mutant males was then vali-
dated (data not shown). Subsequently, another transgene, con-
sisting of the TEV protease gene under the regulatory regions of
the dj gene, was brought into the parkin rescue background,
and the cleavage of t-Parkin was demonstrated by western
blotting of testis and seminal vesicle extracts (Figure S5B).
Importantly, efficient inactivation/elimination of t-Parkin could
be detected in the seminal vesicles, which contain the mature
sperm (Figure S5B, lane 5). The MTS-DsRed transgene was
also crossed to these flies to mark the sperm MD, and
these males (i.e., with the following genotype: dj-Tev/t-park;
park25/Z3-472, dj-MTS-DsRed) were shown to be fertile, giving
rise to viable progeny (data not shown). Finally, monitoring
PMD in eggs that were fertilized by the Parkin-devoid sperm re-
vealed no significant effect on the clearance of the MD (Fig-
ure S5C). Taken together, we conclude that Parkin does not
play any major role in PMD.ggs expressing the yeast DUBUBP2. Error bars represent standard errors. The
calculations were performed as in Figure 5B. p values are as follows: p62od2/od3:
05; fifth TP onward, p < 0.05.
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Figure 7. A Model of the Distinct Steps of the PMD Process
Sequential scheme of the different steps during the PMD process in
Drosophila. Refer to the main text for detailed explanations of each step.
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Active Mechanisms Originating in the Egg Function to
Eliminate the Paternal Mitochondria after Fertilization
in Drosophila
In this work, we demonstrate that the paternal MD in
D. melanogaster is rapidly eliminated after fertilization by active
mechanisms. Our study supports a multistep model for this pro-
cess, which we also term PMD (illustrated in Figure 7). After
sperm penetration of the egg (Figure 7, I), a network of MVB-
like vesicles originating in the egg and displaying molecular fea-
tures of both the endocytic and autophagic pathways associates316 Developmental Cell 29, 305–320, May 12, 2014 ª2014 Elsevier Inwith the sperm tail (yellow arrows in Figure 7, II). These vesicles
are involved in the initial recognition and disintegration of the
sperm plasma membrane after fertilization, and may also
mediate clipping of sperm flagellum at different regions along
the tail, as vesicles that completely encapsulate flagellar regions
(containing the sperm plasma membrane, axoneme, and MD)
are detected by both electron and confocal microscopy (white
arrow in Figure 7, II). MVCs making direct contacts with sperm
plasma membrane were also often detected by EM and may
also contribute to membrane disintegration and subsequent
MD separation from the axoneme, as they were only detected
prior to the separation of these two organelles (arrowhead in Fig-
ure 7, II). Although the exact mode of action of these vesicles is
unclear, it is attractive to suggest that their attachment to the
sperm plasma membrane and release of microvesicles into the
sperm are reminiscent of conventional MVB attachment to
the cell plasma membrane and release of their internal vesi-
cles/exosomes into the extracellular region. Indeed, similar to
the observed PMD attenuation caused by expression of the
Atg8-based autophagy reporters, a reporter was also found to
inhibit amphisome release of exosomes into the extracellular
medium in an erythroleukemic cell line (Fader et al., 2008). More-
over, the strong PMD attenuation in atg7 mutant eggs is likely
attributed to the observed deformed MVCs, which are largely
devoid of microvesicles.
The Significance of Paternal Mitochondrial
Ubiquitination and Association with p62 and LC3/Atg8
Decoration of the paternal MD by K63-linked polyubiquitin
chains and the subsequent association with p62 and Atg8 occur
early during the PMD process at a stage when the MD is still
much too large to be enwrapped by autophagosomes, suggest-
ing that these events may serve another role, different from
marking the mitochondria for selective autophagy. Consistent
with this idea, our findings support an unconventional role of a
common autophagic and endocytic vesicular pathway in pro-
moting the initial disintegration of the sperm tail and separation
between the MD and the axoneme, both of which occur at a
stage when the MD is already ubiquitinated. Furthermore, we
demonstrate that Parkin, which has been shown to target
damagedmitochondria for selective autophagy in both mamma-
lian systems and Drosophila (Narendra et al., 2008; de Castro
et al., 2012), does not play a role during PMD, implying some
divergence from the classical process of damaged mitochon-
drial clearance by selective autophagy.
Interestingly, a similar unconventional pathwaymay also oper-
ate in mammals, as ubiquitination of sperm mitochondria via
K63-linked polyubiquitin chains and p62 and LC3 association
were also reported to occur soon after fertilization in several
mammalian systems (Sutovsky et al., 1999; Al Rawi et al.,
2011; Luo et al., 2013). This is an important point, because a
recent report suggested a passive model of mitochondrial
dispersal to explain paternal mitochondrial elimination after
fertilization in mice, even though an early process of sperm tail
disintegration that facilitates the subsequent dispersal of the
mitochondria was also noted (Luo et al., 2013). Indeed, this
may also be in agreement with the authors’ finding that atg5
knockout mice displayed no effect on the kinetics of the sperm
mitochondrial dispersal, implying a nonorthodox role of somec.
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cess in mammals (Luo et al., 2013). Furthermore, in organisms
that produce nonflagellated sperm with already dispersed mito-
chondria, such as C. elegans, this pathway does not exist, and
the mitochondria are directly targeted for clearance by auto-
phagy (Al Rawi et al., 2011; Sato and Sato, 2011). Future studies
in mice aimed to uncover a similar unconventional autophagic
and endocytic common pathway, as well as further characteriza-
tion of the MVCs and their contents in Drosophila, will shed light
on the generality and exact mode of action of the ubiquitin/p62/
Atg8 pathway in the elimination of the paternal mitochondria in
organisms with flagellated sperm.
Why Is the Paternal Mitochondria Eliminated after
Fertilization?
Several hypotheses have been proposed to address this ques-
tion, but the exact answer still remains a mystery. One idea is
that the egg may regard the paternal mitochondria as a poten-
tially dangerous trespasser, similar to theway somatic cells react
against intrusive bacteria. Indeed, the mitochondria are believed
to originate from a bacterial endosymbiont (Andersson et al.,
1998). Furthermore, microbes that invade cells during infection
are selectively disposed by a specialized form of autophagy
called xenophagy (Levine and Deretic, 2007; Schmid and
Mu¨nz, 2007). However, the fact that maternal mitochondrial in-
heritance has been conserved throughout eukaryotic evolution
strongly suggests that this phenomenon is not merely a pre-
served remnant of a primitive defense mechanism but rather re-
flects a crucial need to prevent the delivery of certain paternal
mitochondrial factors to the developing embryo. Along these
lines, it is widely believed that elimination of paternal mitochon-
dria may be important to prevent mtDNA heteroplasmy, which in
extreme cases may cause mitochondrial disorders (Kraytsberg
et al., 2004; Montoya et al., 2009). Furthermore, inducing mtDNA
heteroplasmy in mice was recently reported to result in sig-
nificant physiological, cognitive, and behavioral complications
(Sharpley et al., 2012).
It is still not fully understood why mtDNA heteroplasmy can
cause such deleterious effects to the organism. It has been sug-
gested that sperm mtDNA has a higher mutation rate than egg
mtDNA, and that spermatozoa even from normal men may
contain significant levels of mtDNA deletions (Cummins, 2000).
However, the possibility of increased accumulation of mutations
in sperm mtDNA may not be the only reason for the deleterious
effects of heteroplasmy, as even under conditions in which the
two mixed mtDNA were normal, induction of heteroplasmy was
shown to be genetically unstable and to produce adverse phys-
iological effects (Sharpley et al., 2012).
Paternal mitochondrial factors other than mtDNA may also be
detrimental to the developing embryo. Indeed, the estimated
number of maternal mtDNA copies in the animal egg far exceeds
that of sperm by a factor of 103 to 106, indicating that most of the
sperm mtDNA is already excluded during sperm differentiation
(Birky, 2001). Furthermore, elimination of sperm mtDNA in the
Japanesemedaka fish has been reported to happen in two steps
before the destruction of the vacuolar mitochondria (Nishimura
et al., 2006). Moreover, recent work in Drosophila suggested
that essentially all of the sperm mtDNA is already degraded dur-
ing late spermatogenesis (DeLuca andO’Farrell, 2012). Finally, inDevethemajority ofmousespermcells,mostof themtDNA isalsoelim-
inatedbefore fertilization (Luoet al., 2013). Therefore, our findings
that activemechanisms still operate to eliminate the paternal MD
in the Drosophila egg, despite the fact that the MD is already
devoid of mtDNA, suggest the intriguing hypotheses that either
other detrimental factors or, alternatively, somebeneficial factors
may also exist, whichmay provide evolutionary pressure for eggs
to clear and recycle the paternal vacuolar mitochondria.
In conclusion, our studies have uncovered an autophagic/
endocytic pathway, which might have evolved in organisms
with flagellated sperm to efficiently eliminate paternal mitochon-
dria. Understanding the mechanisms that govern PMD is not
only of academic interest, as sophisticated human in vitro fertil-
ization (IVF) technologies are being widely used in the clinic and
the risk attributed to paternal factors has been the subject of
ongoing debate (Verpoest and Tournaye, 2006). An understand-
ing of the paternally and maternally derived pathways and fac-
tors that mediate PMD may be critical to determining possible
risks associated with new IVF and cloning technologies.
EXPERIMENTAL PROCEDURES
Fly Strains and Expression Vectors
All fly strains and the generation of all the constructs and transgenes
mentioned in this study are described in detail in Supplemental Experimental
Procedures.
Preparation of Samples for Ultrastructural Studies
Fertilized eggs were collected for 10 min and either immediately dechorio-
nated or aged at 25C for 20 min and then dechorionated by hand peeling
on double-sided adhesive tape. See further details of sample preparations
and analyses in Supplemental Experimental Procedures.
Live Imaging Studies
For kinetics experiments, fertilized eggs were collected 0–5 min AEL and hand
dechorionated as described above. Dechorionated eggs were transferred to a
glass slide coated with a thin adhesive layer (extracted by heptane from
double-sided adhesive tape, dispersed on a slide, dried, and bordered by
hydrophobic pen), mounted in a drop of PBS, and visualized under the
confocal microscope (Zeiss LSM 510). For each embryo, 12 z stacks of
4 mm each were taken every 4 min for 25 rounds. Frame series were converted
into movies using Imaris software (Bitplane).
For live imaging of eggs expressing mCherry-Atg8a and YFP-Rab7,
adjusted z stacks of 2 mm each were taken every 20 min for consecutive
time points.
Twenty-five projections (one for each time point) from 12 z stack images per
each time point of live dechorionated fertilized eggs (beginning at 5–10 min
AEL and lasting for about 2 hr) were analyzed by a dedicated MATLAB script
(MathWorks) designed to quantify the fluorescence intensity of the MD (with
the help of the Department of Veterinary Resources at the Weizmann Institute
of Science). The first time point of each embryo was set as 1, and the values of
the ensuing time points were expressed as the percentage of the first time
point. Fluorescence intensity levels are represented as the mean ± SEM of
all the examined embryos at each time point. Statistical analysis was per-
formed using the two-tailed unpaired Student’s t test. Values of p < 0.05
were accepted as statistically significant.
Immunostaining
Fertilized eggs were collected for 10 min, aged at 25C for 10, 30, or 50 min,
and processed for whole-mount antibody staining using standard techniques
(Ashburner, 1989). Antibodies used in this study are described in Supple-
mental Experimental Procedures. Eggs were mounted in Fluoromount-G
(SouthernBiotech) and observed by confocal microscopy (Zeiss LSM 510
and LSM 710).lopmental Cell 29, 305–320, May 12, 2014 ª2014 Elsevier Inc. 317
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five figures, and one movie and can be found with this article online at http://
dx.doi.org/10.1016/j.devcel.2014.04.005.
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